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Abstract 
During their operation, modern aircraft engine components are subjected to increasingly demanding operating conditions, 
especially the high pressure turbine (HPT) blades. Such conditions cause these parts to undergo different types of time-dependent 
degradation, one of which is creep. A model using the finite element method (FEM) was developed, in order to be able to predict 
the creep behaviour of HPT blades. Flight data records (FDR) for a specific aircraft, provided by a commercial aviation 
company, were used to obtain thermal and mechanical data for three different flight cycles. In order to create the 3D model 
needed for the FEM analysis, a HPT blade scrap was scanned, and its chemical composition and material properties were 
obtained. The data that was gathered was fed into the FEM model and different simulations were run, first with a simplified 3D 
rectangular block shape, in order to better establish the model, and then with the real 3D mesh obtained from the blade scrap. The 
overall expected behaviour in terms of displacement was observed, in particular at the trailing edge of the blade. Therefore such a 
model can be useful in the goal of predicting turbine blade life, given a set of FDR data. 
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Abstract
Damage assessment method of gas turbine hot-gas-path components such as blade and nozzle was required to evaluate remaining 
life of these components; especially, the method for estimating whether inelastic deformation occurred or not is important for 
structural integrity assessment. In this study, in order to provide the way for evaluating the plastic deformation of gas turbine hot-
gas-path components, X-ray diffraction experiments were performed for tensile deformed Ni-base single crystal superalloys using 
synchrotron radiation at SPring-8, and the relations between applied tensile strain and X-ray diffraction data were studied. The 
width of ω-rocking curve which represents the deviation of crystal orientation increased with the increase of applied tensile strain. 
This means that plastic deformatio  cause the crystal r tati . X-ray diffraction peak width i creas d with the inc ease of applied 
tensile strain. Williamson-Hall analysis was applied to calculate micro-strain. Micro-strai  showed drastic increase in the early 
stag  of tensile tests. It suggests that the easurement of micro-strain by X-ray diffraction is us ful for estimating wheth r plastic 
deformation occurred or not in actual gas turbine blades.
© 2016 The Authors. Published by Elsevier B.V.
Peer-review under responsibility of the Scientific Committee of ECF21.
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1. Introduction
Gas turbine hot parts such as blades and ozzles are exp sed to high temperature combustion gas during operation. 
To protect these parts against high temperature combustion gas, these parts are usually made by precision casting 
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process of Ni-base superalloys, and internal air-cooling system are applied. In addition, thermal barrier coating (TBC) 
and corrosion resistant coating are applied to these parts. Though internal cooling system can efficiently reduce the 
metal temperature, internal cooling cause significant temperature gradient through thickness direction which cause 
large thermal stress. And, large thermal stress sometimes cause inelastic deformation, TBC separation and fatigue 
crack nucleation (Bernstein and Allen, 1992; Morita, et al., 2004). So, in point view of structural integrity, a method 
to evaluate the amount of inelastic deformation and the region of inelastic deformation is required. However, it is 
difficult to identify whether inelastic deformation occurred or not by using microscope observation such like SEM.
We can estimate whether the plastic deformation occurred or not by evaluating the change of mechanical property 
such like hardness (Sonmez, et al., 2007; NISA report, 2008). However, in high temperature condition, hardness 
decrease due to high temperature aging effect (Yoshioka, et al., 1993; Kallianpur, et al., 1999). So it is difficult to use 
the hardness test to evaluate plastic deformation for high temperature components.  
It is well known that X-ray diffraction peak profile represents microstructural factors such like crystalline size and 
lattice strain (Williamson and Hall, 1953; Unger and Borbely, 1996). We can measure macroscopic strain by the peak 
angle, and also measure the deviation of lattice distance (which is called as micro-strain) by the peak width. Micro-
strain increase with increasing microstructural defects such as dislocation and vacancy since these defects have these 
own strain fields. There are many studies about deformation behavior by using the X-ray diffraction peak profile 
analysis (Kumagai, et al., 2013). However these reports mainly dealt with fine grained poly-crystal materials. In case 
of fine grained poly-crystal, we can obtain fine Debye-Scherrer rings. However, in case of single crystal, we need to 
move specimen angles to meet the diffraction plane to Bragg angle in three dimensional space. So, there were few 
studies about diffraction peak profile analysis on single crystal materials. 
Some X-ray and/or neutron diffraction studies about deformation and material strength of single crystal superalloys 
have been reported. However, these reports mainly focusing on the peak angle to evaluate the misfit of γ/γ’
microstructure (Jacques, et al., 2004; Royar, et al., 2001) or dendrite structure (Bruckner, et al., 1997), and there are 
few studies focusing on the relation between micro-strain and plastic deformation. 
To provide the inelastic deformation assessments of gas turbine hot parts, in this study, the relation between plastic 
strain and micro-strain was examined by using synchrotron radiation X-ray diffraction.  
2. Experimental procedure
Ni-base single crystal superalloy, NKH-304, was used in tensle tests. Fig.1 shows the geometry of the tensile test 
specimens and Fig.2 shows microstructure. Maximum angular error between [001] crystal orientation and specimen 
load axis was about 5 deg. Tensile tests were performed at room temperature. Applied total tensile strains were 0.2%, 
1.0%, 2.0% and 5.0%. These deformed tensile specimens were cut normal to specimen loading axis, and polished 
mechanically and electrically to remove process strain. For comparison, virgin sample of Ni-base single crystal 
superalloy, CMSX-4, was also prepared for X-ray diffraction experiments. Table.1 shows chemical compositions and 
heat treatments conditions of NKH-304 and CMSX-4. 
Table.1 Chemical composition and heat treatments.
Co Cr Mo W Al Ti Ta Re Hf Ni
CMSX-4 9.0 6.5 0.6 6.0 5.6 1.0 6.5 3.0 0.1 bal.
NKH-304 11.0 6.0 - 6.0 5.4 1.4 6.8 4.8 0.1 bal.
CMSX-4 Solution treatment:  1586K(2h) + 1573K(10h) + 1586K(2h), 1589K(2h) +
1591K(2h) + 1594K(2h)
Aging treatment: 1353K(4h), 1144K(20h)
NKH-304 Solution treatment: 1583K(10h)+1593K(12h),+ 1598K(12h),
Aging treatment: 1453K(4h)+1144K(20h)
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X-ray diffraction experiments were performed by using synchrotron radiation X-ray beam at beamline BL16XU in 
SPring-8. Fig.3 shows X-Ray Goniometer in beamline BL16XU. The reasons for using synchrotron radiation are as 
follows. The first reason is that: Ni-base superalloys consists two phases which are γ matrix phase and γ’ precipitate 
phase. γ phase is fcc structure and γ’ phase is L12 structure. We can observe both diffraction at all odd or all even 
crystal plane such as (002) and (004). On the other hand, we can observe only γ’ diffraction at mixed odd and even 
crystal plane such as (001) and (003). However, (001) and (003) super-lattice diffraction of L12 crystal is very weak, 
so synchrotron radiation facility was used. 
The second reason is that: to evaluate the micro-strain precisely. X-ray diffraction peak broadening was caused 
both micro-strain effect and instrumental factor. The initial microstructural defects in Ni-base superalloys were very 
little since these materials were made by precision casting process and the initial microstructural defects. So, it is 
needed to use X-ray facility with small instrumental line broadening factor such as synchrotron radiation to evaluate 
micro-strain precisely. 
X-ray wave length was about 0.154 nm. ω-rocking curve scans and ω-2θ scans were performed at (001), (002), 
(003) and (004) planes. ω-rocking curve scan can reveal the deviation of crystal orientation, and ω-2θ scan can reveal 
crystalline size and micro-strain. X-ray beam size of ω-2θ scan was about 0.2mm. When the diffraction X-ray was 
weak, the beam size was extended to 1.0mm.
Fig. 1 Microstructure of single crystal 
superalloy, NKH304.
Fig. 2 Geometry of tensile test specimen. 
Fig. 3 Synchrotron radiation X-ray diffraction measurement at beamline BL16XU, SPring-8 
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large thermal stress. And, large thermal stress sometimes cause inelastic deformation, TBC separation and fatigue 
crack nucleation (Bernstein and Allen, 1992; Morita, et al., 2004). So, in point view of structural integrity, a method 
to evaluate the amount of inelastic deformation and the region of inelastic deformation is required. However, it is 
difficult to identify whether inelastic deformation occurred or not by using microscope observation such like SEM.
We can estimate whether the plastic deformation occurred or not by evaluating the change of mechanical property 
such like hardness (Sonmez, et al., 2007; NISA report, 2008). However, in high temperature condition, hardness 
decrease due to high temperature aging effect (Yoshioka, et al., 1993; Kallianpur, et al., 1999). So it is difficult to use 
the hardness test to evaluate plastic deformation for high temperature components.  
It is well known that X-ray diffraction peak profile represents microstructural factors such like crystalline size and 
lattice strain (Williamson and Hall, 1953; Unger and Borbely, 1996). We can measure macroscopic strain by the peak 
angle, and also measure the deviation of lattice distance (which is called as micro-strain) by the peak width. Micro-
strain increase with increasing microstructural defects such as dislocation and vacancy since these defects have these 
own strain fields. There are many studies about deformation behavior by using the X-ray diffraction peak profile 
analysis (Kumagai, et al., 2013). However these reports mainly dealt with fine grained poly-crystal materials. In case 
of fine grained poly-crystal, we can obtain fine Debye-Scherrer rings. However, in case of single crystal, we need to 
move specimen angles to meet the diffraction plane to Bragg angle in three dimensional space. So, there were few 
studies about diffraction peak profile analysis on single crystal materials. 
Some X-ray and/or neutron diffraction studies about deformation and material strength of single crystal superalloys 
have been reported. However, these reports mainly focusing on the peak angle to evaluate the misfit of γ/γ’
microstructure (Jacques, et al., 2004; Royar, et al., 2001) or dendrite structure (Bruckner, et al., 1997), and there are 
few studies focusing on the relation between micro-strain and plastic deformation. 
To provide the inelastic deformation assessments of gas turbine hot parts, in this study, the relation between plastic 
strain and micro-strain was examined by using synchrotron radiation X-ray diffraction.  
2. Experimental procedure
Ni-base single crystal superalloy, NKH-304, was used in tensle tests. Fig.1 shows the geometry of the tensile test 
specimens and Fig.2 shows microstructure. Maximum angular error between [001] crystal orientation and specimen 
load axis was about 5 deg. Tensile tests were performed at room temperature. Applied total tensile strains were 0.2%, 
1.0%, 2.0% and 5.0%. These deformed tensile specimens were cut normal to specimen loading axis, and polished 
mechanically and electrically to remove process strain. For comparison, virgin sample of Ni-base single crystal 
superalloy, CMSX-4, was also prepared for X-ray diffraction experiments. Table.1 shows chemical compositions and 
heat treatments conditions of NKH-304 and CMSX-4. 
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CMSX-4 9.0 6.5 0.6 6.0 5.6 1.0 6.5 3.0 0.1 bal.
NKH-304 11.0 6.0 - 6.0 5.4 1.4 6.8 4.8 0.1 bal.
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X-ray diffraction experiments were performed by using synchrotron radiation X-ray beam at beamline BL16XU in 
SPring-8. Fig.3 shows X-Ray Goniometer in beamline BL16XU. The reasons for using synchrotron radiation are as 
follows. The first reason is that: Ni-base superalloys consists two phases which are γ matrix phase and γ’ precipitate 
phase. γ phase is fcc structure and γ’ phase is L12 structure. We can observe both diffraction at all odd or all even 
crystal plane such as (002) and (004). On the other hand, we can observe only γ’ diffraction at mixed odd and even 
crystal plane such as (001) and (003). However, (001) and (003) super-lattice diffraction of L12 crystal is very weak, 
so synchrotron radiation facility was used. 
The second reason is that: to evaluate the micro-strain precisely. X-ray diffraction peak broadening was caused 
both micro-strain effect and instrumental factor. The initial microstructural defects in Ni-base superalloys were very 
little since these materials were made by precision casting process and the initial microstructural defects. So, it is 
needed to use X-ray facility with small instrumental line broadening factor such as synchrotron radiation to evaluate 
micro-strain precisely. 
X-ray wave length was about 0.154 nm. ω-rocking curve scans and ω-2θ scans were performed at (001), (002), 
(003) and (004) planes. ω-rocking curve scan can reveal the deviation of crystal orientation, and ω-2θ scan can reveal 
crystalline size and micro-strain. X-ray beam size of ω-2θ scan was about 0.2mm. When the diffraction X-ray was 
weak, the beam size was extended to 1.0mm.
Fig. 1 Microstructure of single crystal 
superalloy, NKH304.
Fig. 2 Geometry of tensile test specimen. 
Fig. 3 Synchrotron radiation X-ray diffraction measurement at beamline BL16XU, SPring-8 
898 Yasuhiro Mukai / Procedia Structural Integrity 2 (2016) 895–9024 Author name / Structural Integrity Procedia  00 (2016) 000–000
3. Results and Discussion
Fig.4 shows ω-rocking curves. The ordinate shows normalized diffraction X-ray intensity. The abscissa shows the 
angle of ω rotation axis. ω0 is the center of ω angle. The width of ω-rocking curve represents the deviation of crystal 
orientation. Sharp peak represents that the deviation of crystal orientation is very small. As you can see, the deviation 
of as-received sample was very small. However, the increase of applied tensile strain cause the increase of the 
deviation of crystal orientation. This was because that the plastic deformation cause crystal rotation. Fig.5 shows the 
relation between applied total tensile strain and the full width at a half maximum (FWHM) of ω-rocking curve. 
FWHM of ω-rocking curve increased with the increase of applied strain, and especially increased when applied 
tensile strain was over 2.0%. These results were consistent with the EBSD studies in which the relation between plastic 
deformation and the misorientation parameters (Kamaya, et al., 2006; Yoda, et al., 2010). So, we can evaluate whether 
the large deformation occurred or not by analyzing ω-rocking analysis. 
Fig. 4 ω-rocing curve profile.
Fig. 5   Relation between FWHM of ω-rocking curve and applied tensile strain. 
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Fig.6(a), (b), (c) and (d) show X-ray diffraction peak profile of ω-2θ scan of (001), (002), (003) and (004) planes, 
respectively. The ordinate shows normalized diffraction X-ray intensity. The abscissa shows scattering vector, k, in 
which the origins of the abscissas were coincided with Bragg peaks, kB. k is calculated by the following equation.
λ
θsin2
=k
(1)
Fig. 6   X-ray diffraction peak profiles.  
(a) (001) plane                                           (b) (002) plane 
(c) (003) plane                                           (b) (004) plane 
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Fig.4 shows ω-rocking curves. The ordinate shows normalized diffraction X-ray intensity. The abscissa shows the 
angle of ω rotation axis. ω0 is the center of ω angle. The width of ω-rocking curve represents the deviation of crystal 
orientation. Sharp peak represents that the deviation of crystal orientation is very small. As you can see, the deviation 
of as-received sample was very small. However, the increase of applied tensile strain cause the increase of the 
deviation of crystal orientation. This was because that the plastic deformation cause crystal rotation. Fig.5 shows the 
relation between applied total tensile strain and the full width at a half maximum (FWHM) of ω-rocking curve. 
FWHM of ω-rocking curve increased with the increase of applied strain, and especially increased when applied 
tensile strain was over 2.0%. These results were consistent with the EBSD studies in which the relation between plastic 
deformation and the misorientation parameters (Kamaya, et al., 2006; Yoda, et al., 2010). So, we can evaluate whether 
the large deformation occurred or not by analyzing ω-rocking analysis. 
Fig. 4 ω-rocing curve profile.
Fig. 5   Relation between FWHM of ω-rocking curve and applied tensile strain. 
Author name / Structural Integrity Procedia 00 (2016) 000–000 5
Fig.6(a), (b), (c) and (d) show X-ray diffraction peak profile of ω-2θ scan of (001), (002), (003) and (004) planes, 
respectively. The ordinate shows normalized diffraction X-ray intensity. The abscissa shows scattering vector, k, in 
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Fig. 6   X-ray diffraction peak profiles.  
(a) (001) plane                                           (b) (002) plane 
(c) (003) plane                                           (b) (004) plane 
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θ is diffraction angle, and λ is wave length. kB is calculated by substituting Bragg angle, θB, to the equation (1). As 
shown in Fig.6, X-ray diffraction peak width increased with tensile strain, and the tendency was remarkably observed 
at high-index planes. 
Williamson-Hall analysis is one of the method to evaluate the individual contributions of crystal size and micro-
strain to the peak broadening (Williamson and Hall, 1953). In this method, the influence of crystal size, D, and micro-
strain, 〈ε〉, on peak width is calculated from equation (2). 
Fig. 8   Relation between applied tensile strain and micro-strain calculated by the slope of Williamson-Hall 
plot. Micro-strain increased with increasing applied tensile strain.  
Fig. 7   Williamson-Hall plot. The abscissa shows scattering vector and the ordinate shows the width of line 
profile in the reciprocal space. The slope of the figure corresponds to micro-strain and y-intercept 
corresponds to crystalline size.  
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k
D
k ε9.0 +=∆
(2)
Δk represents peak broadening and is calculated from equation (3). 
θ2
λ
θcos
∆=∆k
(3)
Δ2θ represents FWHM of ω-2θ scan profile. 
When k and Δk plot to x-axis and y-axis respectively, D and 〈ε〉 are calculated from the y-intercept and the slopes 
of the plot, respectively. Such plot is called as Williamson-Hall plot. To calculate Δ2θ, ω-2θ scan profiles shown in 
Fig.6 were fitted by Gauss function. 
Fig.7 shows Williamson-Hall plot. Dotted line represents the slope of Williamson-Hall plot which was calculated 
from the data points of (001) and (003) plane. As shown in Fig.7, the slope increased with increasing tensile strain. 
(002) and (004) planes data were plotted over the slope calculated by (001) and (003) data. This was because the 
diffraction data of (002) and (004) planes consisted of γ and γ’ phases while those of (001) and (003) planes consisted 
only of γ’ phases. 
Fig.8 shows the relation between applied tensile strain and micro-strain calculated from the slope of Fig.7. Micro-
strain increased with increasing tensile strain, and especially increased in the early stage of plastic deformation. Micro-
strain is directly proportional to a square root of dislocation density (Williamson and Hall, 1953; Unger and Borbely, 
1996). Since Ni-based single crystal superalloys were made by precision casting process, the initial dislocation density 
was very small. So, dislocation nucleation was thought to be necessary to start plastic deformation. The drastic increase 
of micro-strain in the early stage suggests that a large number of dislocations were nucleated in early stage of plastic 
deformation. The measurement of micro-strain was effective way to evaluate whether the plastic deformation occurred 
or not in gas turbine cast components. 
4. Conclusions
In order to provide the way for evaluating the plastic deformation of gas turbine hot-gas-path components, 
synchrotron radiation X-ray diffraction experiments were performed for tensile deformed Ni-base single crystal 
superalloys using synchrotron radiation at SPring-8, and the relation between applied tensile strain and X-ray 
diffraction peak width was studied. The width of ω-rocking curve which represents the deviation of crystal orientation 
increased with the increase of applied tensile strain. This means that plastic deformation cause the crystal rotation. 
X-ray diffraction peak width increased with the increase of applied tensile strain. Williamson-Hall analysis was 
applied to calculate micro-strain. Micro-strain showed drastic increase in the early stage of tensile tests. It suggests 
that the measurement of micro-strain by X-ray diffraction is useful for estimating whether plastic deformation 
occurred or not in actual gas turbine blades.
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